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Abstract
We report the complete 40,938-bp genome sequence of a cyanophage, Pf-WMP4, which infects the freshwater cyanobacterium Phormidium
foveolarum Gom. Nine of the forty-five potential open reading frames in the Pf-WMP4 genome share similarities with the genes found in T7-like
phages. Using in vitro transcription, we found that seven promoters at the leftmost end of the genome can be recognized by the host RNA
polymerase. By blocking transcriptional and translational inhibitors, we found that Pf-WMP4 DNA translocation, with an average translocation
rate of 19.8±2.7 bp s− 1 at 28 °C, requires both host transcription and protein synthesis of an unknown factor. Therefore the mechanism of
cyanophage Pf-WMP4 DNA injection may be driven both by a T7-like internalization mechanism as well as an additional unknown mechanism
requiring de novo protein synthesis. Our analysis of the Pf-WMP4 genome sheds new light on the translocation strategies and evolutionary traces
of phages belonging to the T7 supergroup.
© 2007 Elsevier Inc. All rights reserved.Keywords: Cyanophage; Genome; T7 supergroup; Promoters; Infection strategyIntroduction
The abundance of phages in the aquatic environment is
reflected in the large ecological impact of viral infection and
lysis on aquatic bacteria (Sullivan et al., 2003; Wommack and
Colwell, 2000). In contrast to grazing by protists, which
transfers bacterial-derived energy and biomass to higher trophic
levels (Fenchel, 1986), bacterial lysis by phages results in the
production of dissolved organic matter that can be utilized by
other bacteria (Fuhrman, 1999). It is also believed that phages
are able to mediate the horizontal transfer of genetic material
between host microbes, thus affecting the genetic diversity of
microbial communities (Hendrix et al., 1999; Mann, 2003). To
date, research on cyanophages at the genomic level has focusedAbbreviations: DNAP, deoxyribonucleic acid polymerase; RNAP, ribonu-
cleic acid polymerase; ORF, open reading frame; PMF, proton motive force.
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doi:10.1016/j.virol.2007.04.019on marine ecosystems (Bailey et al., 2004; Paul and Sullivan,
2005; Sullivan et al., 2003), and the genomics of freshwater
cyanophages has received far less attention. However, cyano-
phages seem to be ubiquitous in the freshwater environment
(Dorigo et al., 2004; Short and Suttle, 2005; Yoshida et al.,
2006) and play an important role in the decline of cyanobacter-
ial populations (Gons et al., 2002), such as the fading of blooms.
In order to better understand phage–host interactions in
freshwater biosystems, researchers need to pay more attention
to the biological properties of freshwater cyanophages.
All the known cyanophages belong to three bacteriophage
families: Myoviridae, Siphoviridae, and Podoviridae (Lu et al.,
2001; Yoshida et al., 2006). These phages are morphologically
and genetically diverse (Zhong et al., 2002). Despite their
abundance and significance, only five cyanophages have been
characterized at the genome level: P60, P-SSP7, P-SSM2, P-
SSM4, and S-PM2 (Chen and Lu, 2002; Mann et al., 2005;
Sullivan et al., 2005). P60, which lyses marine Synechococcus
WH7803, was the first cyanophage to be sequenced. It contains
11 T7-like genes and appears most closely related to the T7-like
29X. Liu et al. / Virology 366 (2007) 28–39podophages. P-SSP7, P-SSM2, and P-SSM4 are three Pro-
chlorococcus cyanophages. P-SSP7 has 15 of the 26 T7-like
core genes, and its genome is arranged in exactly the same order
as the bacteriophage T7. P-SSM4, P-SSM2, and S-PM2 are
three T4-like myophages.
Genome sequences of more distant T7 relatives include those
of vibriophage VpV262 (Hardies et al., 2003), roseophage SIO1
(Rohwer et al., 2000), coliphages SP6 and K1–5 (Scholl et al.,
2004), and Pseudomonas aeruginosa phageΦKMV (Lavigne et
al., 2003). Although these phages are morphologically similar to
those belonging to the T7 group, they share low levels of
nucleotide similarity with T7; some lack the hallmark T7-like
RNA polymerase (RNAP) gene (Chen and Schneider, 2005), and
some lack the conserved T7-like genome architecture (Hardies et
al., 2003; Rohwer et al., 2000). These phages constitute a T7
supergroup (Hardies et al., 2003), who also defined a conserved
head structure module in the supergroup. The concept of a
‘module’, which can be considered as a relatively highly
conserved functional unit, was proposed by Susskind and
Botstein (1978). According to the theory of module evolution
(Botstein, 1980), interchangeable modules are the products and
units of phage evolution.
Tailed phages are efficient in their ability to infect their host;
however, there is no single uniform method of DNA injection,
and different phages follow different strategies (Molineux, 2006).
In coliphageλ, the entire phage genome is transported by internal
forces produced by DNA packaging; these forces are dependent
on DNA density and osmotic pressure (Grayson et al., 2006). In
phage T4, which has a contractile tail and a cell-puncturing
device, the 169-kb genome is injected within 30 s, the most rapid
rate observed for DNA transport (Boulanger and Letellier, 1988).
In T5, only 8% of the 121-kb genome enters the cell, and the pre-
early T5 proteins A2 and A2 must be synthesized before the
remainder of the genome can be internalized (Lanni, 1968). Ba-
cillus subtilis phage ø29 is thought to apply a push–pull
mechanism of DNA injection, which involves two energy-
dependent steps (Gonzalez-Huici et al., 2004). In the T7 group,
transcription translocates 98% of the viral DNA into the host cells
(Molineux, 2005). As summarized by Molineux (2001), during
the early infection stage of bacteriophage T7, recognition of the
three early promoters A1, A2, and A3 by E. coli RNAP starts the
translocation of T7 DNA into host cells after channel formation
and transfer of the leading 850 bp using the proton motive force
(PMF). After the expression of T7 RNAP, the internalization of
the remainder of the genome normally depends on transcription
by T7 RNAP (Garcia and Molineux, 1996, 1999; Scholl et al.,
2004). Based on the T7-like promoter models built by Chen and
Schneider (2005), no T7-like promoters were identified for the
less closely relatedmembers of the T7 supergroup such as P60, P-
SSP7, ΦKMV, SIO1 and VpV262, indicating that these phages
may not internalize their genome in the same way as T7 itself.
However, we still do not have enough information about the
promoters to elucidate the transcription and internalization
strategies for the new members of the T7 supergroup.
In order to gain a better understanding of the biological
properties of freshwater cyanophages and to appreciate the
features of the T7 phage supergroup, we sequenced the genomeof the freshwater Phormidium foveolarum Gom. cyanophage,
Pf-WMP4.
Results and discussion
General features of cyanophage Pf-WMP4
Following the isolation of six cyanophages from water
samples taken from Lake Weiming, all of which infected P.
foveolarum cells, one lytic cyanophage, designated as Pf-
WMP4, was chosen for further research because of its relatively
short infection period and large burst size (see below). Electron
microscopy of the purified cyanophage Pf-WMP4 revealed that
the virion was an icosahedron (diameter about 55 nm) with a
short tail (Fig. 1A). Therefore morphologically, cyanophage Pf-
WMP4 belongs to the order Podoviridae (Safferman et al.,
1983). The cross-infectivity of Pf-WMP4 was tested against
seven other freshwater cyanobacterial species (see Materials
and methods for details), but none was sensitive to Pf-WMP4.
The buoyant density of Pf-WMP4 was about 1.4 g/cm3.
Treatment with chloroform did not significantly reduce the
infectivity of Pf-WMP4. One-step growth experiments for Pf-
WMP4 revealed that the latent period was 4 h, the burst period
was 3 h, and the burst size was 145 PFU/cell (Fig. 1B).
Treatment with rifampicin, which inhibits the host RNA
polymerase, aborted the infection by the host enzyme when
added at 30 min, but not at 3 h (near the end of the latent period),
indicating that host transcription was necessary for infection.
The fact that phage production is no longer sensitive to
rifampicin added at 3 h suggests that the most of the phage
particles have finished transcription and are in the duplication or
packaging stage at the end of the latent period.
Overview of the Pf-WMP4 genome
We used shotgun sequencing and a primer-walking method
to assemble the Pf-WMP4 genome into a circular, single contig
of 41 kb. However, restriction analysis using endonuclease
KpnI and XbaI, which each had a cut site near one end, showed
that the genome was a linear molecule (Fig. 1C). The fragments
of the two ends of the genome were excised from the agarose
gel, cloned into a pBlueScript vector and sequenced. Based on
the detailed sequences of the genome ends, the precise genome
size of Pf-WMP4 was found to be 40,938 bp with 107-bp
terminal repeats (Fig. 2). The GC content was 51.8%. No tRNA
genes were found in the Pf-WMP4 genome.
The genome was close-packed; 89.8% of the genome was
occupied by coding sequences. Short overlaps between two
coding regions were frequent, with the longest overlap (35 bp)
between ORF16 and ORF17. Forty-five ORFs were identified
on the Pf-WMP4 genome, and 15 of these could be assigned
functions based on homology (Table 1). Nine of these are T7-
like core genes (Fig. 2). Although Pf-WMP4 lacks the hallmark
T7-like RNA polymerase (RNAP) gene (Scholl et al., 2004),
which is also absent in roseophage SIO1 and vibriophage
VpV262 genomes, these data suggest that Pf-WMP4 is most
closely related to the T7-like phages, and it should be classified
Fig. 1. General features of the cyanophage Pf-WMP4. (A) Electron micrograph of Pf-WMP4. Scale bar=100 nm. (B) Effects of rifampicin on the development of
Pf-WMP4: ♦, infection without rifampicin;▪, rifampicin added 0.5 h after infection; ▴, rifampicin added 3 h after infection. (C) Digestion of Pf-WMP4 genomic
DNA with KpnI (left) and XbaI (right). Lane 1, 100-bp DNA ladder; lane 2, 1-kb DNA ladder; lane 3, digestion of Pf-WMP4 genome with the restriction
endonucleases; lane 4, computer-modeled digestion of a circular Pf-WMP4 genome with the same endonucleases as in lane 3. The differences between lanes 3 and
4 (arrows) indicate that the genome of Pf-WMP4 should be linear. The rightward arrows indicate the fragments containing the ends of the genome, which had been
cloned and sequenced. (D) SDS–PAGE of total proteins from Pf-WMP4 particles. Lane 1, protein standard marker; lane 2, Pf-WMP4 proteins, about 1011 particles
were loaded on the lane. ORFs corresponding to the protein bands were assigned using MALDI-TOF MS.
30 X. Liu et al. / Virology 366 (2007) 28–39as a new member of the T7 supergroup (Hardies et al., 2003;
Scholl et al., 2004).
Genes arranged in the rightward orientation: a set of ORFs
involved in infection and DNA replication
In the T7 supergroup, for those phages which have a clear
RNAP gene (e.g., T3, K1–5, and SP6), their genomes can be
easily divided into three classes as defined by Dunn and Studier
(1983). Briefly, class I genes are transcribed by host RNA
polymerase; class II genes are responsible for DNA replication
and metabolism; and class III genes include structural genes and
genes for maturation. However, for the new members at the
distant end of the T7 supergroup, some lack an RNAP gene
(e.g., SIO1 and VpV262), and their infection strategies are notyet clearly known. Therefore it is difficult to apply the ‘three
classes’ to the distant T7 relatives. In general, phage genomes
can be divided into early genes and late genes, according to their
expression order during infection.
We did not find any translated ORFs in the Pf-WMP4
genome sharing similarities with T7-like class I gene products.
Interestingly, upstream sequences surrounding the Shine–
Dalgarno sequences in front of each of the first seven ORFs
are identical (AGAGGTACA), and they differ from upstream
sequences of all other ORFs in the Pf-WMP4 genome (Table 1).
This suggests that the first seven ORFs might play a special role
or be regulated differently than genes further downstream.
Like T7, the middle region of the Pf-WMP4 genome encodes
several highly conserved proteins that are crucial for DNA
metabolism functions: degradation of host DNA (ORF17) and
Fig. 2. Genome arrangement of cyanophage Pf-WMP4. Fifteen ORFs were assigned as putative functions, and their products are indicated above the box according to
T7 terminology (Dunn and Studier, 1983) or nomenclature for other phage genes. Colors indicate the putative functions for the identified genes inferred for T7-like
phages. Although the phage genome is one molecule of DNA, the representation is broken to fit on a single page. Terminal repeats, promoters and a ρ-independent
terminator are also indicated. Marker ‘M’ means that the ORFs were confirmed as structural genes using MALDI-TOF MS.
31X. Liu et al. / Virology 366 (2007) 28–39DNA replication (ORF13 and ORF19) (Table 1). The relative
gene order of this region is different from the others in the T7
supergroup (Fig. 3), suggesting that rearrangements have taken
place. Translated ORF11 has significant amino acid similarity to
T5 ribonuclease H (51%), which is present in T5-like and T4-
like phages. In the marine T7-like phages, additional nucleotide
metabolism genes were also observed: cyanophages P60 and P-
SSP7, and roseophage SIO1 contain ribonucleotide reductase
genes (Chen and Lu, 2002; Rohwer et al., 2000; Sullivan et al.,
2005). Although these genes were not found in Pf-WMP4, it
seems that extra nucleotide-scavenging genes are important for
phage replication in nutrition-limited aquatic environments.
Genes arranged in the leftward orientation: a conserved late
module involved in virion assembly
In the 16 leftward oriented ORFs, seven ORFs were
identified as virion proteins by SDS–PAGE (Fig. 1D) and
MALDI-TOF MS analysis. Except for terminase, the structural
genes of Pf-WMP4 are arranged in the same order, but in an
inverted orientation compared to T7 late genes. Two putative
tail fiber proteins (ORFs 31 and 32) are located on the left side
of class III genes. ORF33 is related to a putative transglyco-
sylase of bacteriophage SPβc2; it contains a membrane-bound
metallo-endopeptidase domain (Pfam entry: Peptidase_M23),
suggesting that it may have muralytic activity and participate in
forming or enlarging holes in the host cell walls (Moak and
Molineux, 2004). Although ORF33 and ORF32 do not have
significant identity to T7 proteins, from gene size and syntenythey may be internal head proteins, which are injected into host
cells and help to transport the leading end of the phage genome
into the cell (Molineux, 2001).
In a comparison of Pf-WMP4 with T7, translated ORFs 35,
37, and 39 shared amino acid similarities (N50% identity) with
T7 tail tubular protein B (gp12), capsid protein (gp10), and
head–tail connector protein (gp8), respectively. Based on gene
size, gene order, and secondary structure predictions (Fig. S1),
ORF36 and ORF38 were assigned as tail tubular protein A
(gp11) and capsid assembly protein (gp9). The following
ORF40 was predicted to be terminase (gp19), with a relative
position similar to those in VpV262 and SIO1. These assign-
ments would define a Pf-WMP4 late module, similar to that
found in other phages of the T7 supergroup (Fig. 3).
Based on the direction and the relative position of the
terminase, late modules in the T7 supergroup could be separated
into two clusters: VpV262-like and T7-like. As shown in Fig. 3,
four genomes of the sequenced phages (Pf-WMP4, P60, SIO1,
and VpV262) are arranged in the same way, with terminase
adjacent to the portal protein, whereas other phages share the
T7-like late module. Strikingly, all the genomes with a VpV262-
like late module have their late (structural) and early (replicative)
regions oriented in opposite directions, whereas those with a
T7-like late module are oriented in the same direction.
Pf-WMP4 regulatory elements
Based on the distribution of the predicted ORFs, and on the
premise that promoter elements can be described as consensus
Table 1
Open reading frames (ORFs) of the Pf-WMP4 genome and their presumed characteristics
ORF Position Translation start region a Length b Representive homologs c E-value Comments
1 251–409 GACACACAGAGGTACACGACATG 52
2 476–739 ATCACCTAGAGGTACATGACATG 87
3 826–1305 ATCACCTAGAGGTACATGACATG 159
4 1426–2055 CACACCTAGAGGTACAAACCATG 209
5 3240–3422 CAACCAAGAGGTACAGACCAATG 60
6 3485–3799 AACCTGAGAGGTACAACCTAATG 104 Proteinase, cyanobacterium Gloeobacter
sp. PCC 7421 (NP_923884)
0.25 A potential cyanobacterial
gene
7 4026–5000 CAACTACACGGAGTACAACAATG 324
ORF1–7: similar leading
sequences
8 5185–5472 TACAACCGGAGGCTTTTTCTATG 95
9 5457–5984 CATGAGAGTATGCGTAGAATATG 175
10 5997–6480 GTATAGACCTAAGTCCAACAATG 167 Ribonuclease H, bacterium Alkaliphilus
sp. QYMF (ZP_00799983)
1.00E−04 Ribonuclease H [rnh]
11 6474–6671 TTGCTTGCTAGCTACAAGGTATG 65
12 7076–8530 AGAGCTTCTCCCGTACTACTATG 484 DNA primase/helicase, bacteriophage T7
(tr Q6WYQ2)
3.00E−10 DNA primase/helicase, gp4
13 8527–8688 ACTAAGAAGGAGGCGATGTTGTG 53
14 8685–8888 ATTGAAGTGGAGATTCAACTATG 67
15 8885–9190 TTCATTAATTTTGGAGAGCTATG 101
16 9192–9452 AGGCAAAATGGGAGGTTGACATG 86
17 9148–9879 GGTATCAACGGTGAGACACAATG 153 T7-like endonuclease, cyanophage P-SSP7
(tr Q58N43)
0.094 Endonuclease, gp3
18 9876–10,358 TCAGTAAAGGACTTGAACTTGTG 160 Asparagine synthase,archaea
Methanoculleus sp. JR1 (ZP_01390967)
0.56
19 10,336–12,228 TGCTGCGAGAAGGGGGAGAAATG 630 DNA polymerase I, bacteriophage T5
(tr Q5DMI1)
3.00E−12 DNA polymerase, gp5
20 12,225–12,512 GTAAATTCCTGGAGCGACAAATG 95
21 12,831–13,010 TGCTGCGAGAAGGGGGAGAAATG 59
22 13,172–13,774 GCAAACTTTAACCTTAGGTAATG 200
23 13,815–14,114 GTCACCCCCTATCTAACAACATG 99
24 14,111–14,437 CTTTCCATCCTTAAGACACTATG 108
25 14,439–15,296 AAACTCCGTGTGGTACTAACATG 258 DNA polymerase, uncultured marine virus
(AAL02215)
0.049
26 15,293–15,487 GATGACGAAGAGGTGGAGTTTTG 64
27 15,504–15,683 CTGACCTCTATCGCCAAACCATG 59
28 15,795–16,100 CACTTAGAGGACATTTGACTATG 101
29 16,410–16,532 ACAACCATAAGGAGATAGCTATG 40
Leftward/rightward
orientation d
30 16,920–16,588 CTCAAAGGAGAAACACCTTAATG 110
31 20,063–16,920 AAGAAATCACCCTGCGGACTATG 1047 Tail protein, Streptococcus bacteriophage
2972 (tr Q56S88)
0.85 Tail fiber protein
32 24,439–20,060 TTTAGGGAGTACACCGCGTAATG 1459 Hypothetical protein, Singapore grouper
iridovirus (tr Q5YFC4)
0.092 Tail fiber protein
33 27,480–24,439 ACACCTTGGAGAGGTCTCTAATG 1013 Putative transglycosylase [yomI],
bacteriophage SPBc2 (tr O64046)
8.00E−06 Internal protein
34 28,682–27,480 CGCTACGTCAGGAGATAACTATG 400 Gp26.1, Roseobacter phage SIO1
(tr Q9G0F9)
5.9 Internal protein
35 31,723–28,685 AATATGGGGGGATACCCGACATG 1012 Tail protein, T7-like bacteriophage K1–5
(tr Q6UGD4)
1.2 Tail tubular protein B, gp12
36 32,355–31,720 TCTAGCCACCCCCCACCTATATG 211 Tail tubular protein A, gp11 e
37 33,502–32,477 CATCACAGGACTAACACACAATG 341 Major capsid protein 10A,
Bacteriophage T7 (sp P19726)
0.027 Capsid protein, gp10
38 34,321–33,530 CAAATCACAAGCGGAGCATTATG 263 Scaffolding proein, gp9 e
39 36,243–34,318 AAATACGGAGGCGTCTACTGATG 641 Head-to-tail joining protein, vibriophage
VP4 (tr Q4TVX1)
1.00E−04 Portal protein, gp8
40 37,988–36,243 TCGGTTAATCGGAGGGGAACGTG 581 Maturase, vibriophage VpV262
(tr Q8LT43)
4.00E−12 Maturase, gp19
41 38,513–38,001 TAGGCGCACGGAGACAGACAATG 170 Tail fiber-like protein, cyanophage
P-SSM2 (tr Q58M60)
0.66
42 38,965–38,531 CGTTATGAACGAAGAACCCAATG 144
43 40,125–39,274 CACCTTCCCAGCCTCAGACCATG 283
32 X. Liu et al. / Virology 366 (2007) 28–39
ORF Position Translation start region a Length b Representive homologs c E-value Comments
44 40,598–40,332 ATTGACCCCATCCCGCCAGCATG 88
45 40,765–40,595 ATACCACAAGGATTCCGTTTGTG 56
a Shine–Dalgarno sequences are in bold type. The initiation codon of each ORF is in italics. Note the consistent translation initiation region (underlined) ahead of the
first seven ORFs.
b Amino acid.
c Accession numbers are indicated in parentheses: tr, UniProtKB/TrEMBL; sp, UniProtKB/Swiss-Prot.
d ORFs above this row are rightward oriented; ORFs below this row are leftward oriented.
e Protein functions are identified using synteny and secondary structure prediction.
Table 1 (continued)
33X. Liu et al. / Virology 366 (2007) 28–39sequences, we found seven typical bacterial promoters ahead of
each of the first seven ORFs and a single late promoter at the
rightmost end of the genome, with uniform −35 hexamers
(TTGACA) separated by 17 nt from the −10 hexamers
(TAnAnT) (Table S1). In vitro run-off transcription experiments
with host RNAP showed that they could efficiently drive
transcription (Fig. 4C, lanes 3–8). Considering the absence of a
T7-like RNAP gene and a set of host promoters across the Pf-
WMP4 genome, it seems that cyanophage Pf-WMP4 directly
utilizes the host transcription systems, rather than its own.
One possible Pf-WMP4 factor-independent terminator was
found by scanning the genome for relevant palindromic
structures (Fig. 2, Table S2). The terminator is located exactly
between the class II region and the class III region, with typical
characteristics of ρ-independent terminators on both the sense
and antisense strands, a stem–loop rich in G and C nucleotides,Fig. 3. Comparative genomic arrangements of bacteriophages in the T7 supergroup.
WMP4, viriophage VpV262, and roseophage SIO1 are aligned. Colors indicate funct
according to inversion. The genome rearrangement of SIO1 is described by Hardies
polymerase; Endo., endonuclease; Pri/hel., primase/helicase; Exo., exonuclease. Hoand followed by a U-rich tract (Table S2). In vitro transcription
experiments showed that it is a bidirectional terminator for T7
RNAP (Fig. 4C, lanes 1 and 2). From either direction,
transcription was only partly terminated, the amount of read-
through products suggests that it is not a strong terminator.
Interestingly, we also found a ρ-independent terminator at the
junction of the early and late region in the SIO1 genome (Table
S2), suggesting that bidirectional terminators may be prevalent
in those T7 supergroup phage genomes that are transcribed in
both directions.
Entry of Pf-WMP4 DNA into the host cell: a three-step process
dependent on transcription and translation
Unlike phages in the T7 group, which adopt the well-docu-
mented transcription-dependent DNA translocation (Molineux,Genomes of coliphages T7, K1–5, and SP6, cyanophages P-SSP7, P60, and Pf-
ions of the ORFs. The T7 supergroup is divided into two clusters by a boundary
et al. (2003). Abbreviations used are: RNAP, RNA polymerase; DNAP, DNA
st promoter sequences are shown in Table S1.
Fig. 4. Identification of promoters and terminators in the Pf-WMP4 genome by in vitro transcription. (A) Design of DNA templates (DT) for size markers and for
terminators. These DNA fragments contain a T7 promoter and were combined with T7 RNAP for transcription. The anticipated transcription products (Tp) are
indicated by arrows. The terminated products [Tp_Ter(R) and Tp_Ter(L)] and the read-through products (Tp_through) are presented in Lanes 1 and 2. (B) Design of
DNA templates for host promoters and their predicted run-off transcription products (Tp). These DNA templates containing one or two host promoters (turning arrows)
were combined with host RNAP for in vitro run-off transcription. The sizes of their transcription products were approximately estimated. Their precise sizes were
related to the exact transcription start points of the promoters. (C) In vitro transcription reactions. Lane M, 100 and 200 nt RNA size marker. Lanes 1 and 2 present the
terminated products [Tp_Ter(R) and Tp_Ter(L)] and the read-through products (Tp_through). In Lanes 3–8, the size of the RNA products agrees with our original
design. Lane 8 was a negative control, where a DNA fragment (containing all of ORF8), which did not contain a putative promoter, was used as the DNA template for
in vitro transcription.
34 X. Liu et al. / Virology 366 (2007) 28–392001), genome internalization of the less closely related
members in the T7 supergroup is not known. How does DNA
internalization occur in light of the fact that the phage does not
have its own RNA polymerase?
As observed by Chamberlin et al. (1970), the bacterial
RNAP would be inhibited by rifampicin, while the T7-like
RNAP is not. The abortion of Pf-WMP4 infection by the
addition of rifampicin at the early stage (Fig. 1B) suggests that
transcription of Pf-WMP4 by host RNAP plays an important
role in the phage's infection mechanism.
It is worth mentioning that the first seven promoters are
clustered in the class I region, each one corresponding to one
ORF, and this distribution is expected to produce many
overlapping mRNAs. Why should promoters be concentratedin this area? Analogous to the T7 transcription-dependent
internalization, we speculated that these promoters play a
principal role in DNA translocation: transcription from these
promoters causes the template DNA to be pulled from the
phage head into the cell, simultaneously providing transcripts
over the early region of the genome. To address the question,
transfer of Pf-WMP4 DNA into the host cells was quantified
after sonication of a phage–bacterium complex in the presence
of transcriptional and translational inhibitors (Zavriev and
Shemyakin, 1982).
As shown in Fig. 5, translocation of 32P-labeled phage DNA
starts immediately after infection and finishes after 30–40 min,
with an average translocation rate of 19.8±2.7 bp s− 1 at 28 °C.
Kemp et al. (2004) reported that E. coli RNAP translocated the
Fig. 5. Kinetics of Pf-WMP4 DNA entry into infected P. foveolarum. The
percentage of phage DNA not incorporated was estimated from the desorption
rate of [32P] Pf-WMP4 DNA after sonication. ♦–♦, normal infection;▪–▪, in
the presence of 200 μg/ml of the transcription inhibitor rifampicin; Δ–Δ, in the
presence of 200 μg/ml of the translation inhibitor chloramphenicol. The
inhibitors were added to the cell culture 30 min before the start of the
experiment. The translocation rate was determined from normal infection and by
a regression analysis.
35X. Liu et al. / Virology 366 (2007) 28–39T7 genome into the cell at a constant rate of 30.0±0.5 bp s− 1 at
27.2 °C, which is faster than that of Pf-WMP4. The difference in
genome entry rate may be due to the variant transcription
activities of the host RNAPs. On the other hand, the infection
time of cyanophages is much longer than that of T7, which
might be related to a slower internalization rate.
In the presence of rifampicin, which is known to inhibit host
transcription, the majority of the phage genome (about 85%)
remained outside of the host cells, suggesting that the DNA
translocation was largely blocked. This supports our hypothesis
that transcription by host RNAP drives phage DNA into the host
cell. In the presence of the translation inhibitor chlorampheni-
col, penetration of phage DNA stopped at about 30 min (Fig. 5)
after about 40% of the Pf-WMP4 genome had entered the cell.
Based on these findings we propose that the DNA translocation
during Pf-WMP4 infection is a three-step process: initial entry
of the leading 233 bp (as a minimum); second, host transcription
of about 16 kb; and third, translocation of the remaining 24 kb
DNA after the expression of some genes transcribed during the
second step DNA transfer. Based on the DNA injection of other
phages (Grayson et al., 2006), we assume that the leading end of
the Pf-WMP4 genome is located part way down the phage tail
and is pushed into the cell by forces associated with the
packaged DNA at the initiation of infection.
Further experimental studies are needed to examine the
internalization of the Pf-WMP4 late genes in more detail, such
as which viral early proteins participate in pulling the remaining
DNA into the cell, and what role they play. We tentatively
suggest that the unknown proteins might be associated with
inactivation of the terminator, and thus the distal part of the
genome could be internalized via read-through of the transcrip-
tion terminator. This hypothesis would be consistent with the
apparent constant rate of internalization.Relationships of Pf-WMP4 and other phages in the T7
supergroup
The T7 supergroup was defined by Hardies et al. (2003) to
include SIO1 and VpV262, which share an ancestral head
structure module. Following this definition, three cyanophages
(P60, P-SSP7, and Pf-WMP4) should also be members of the
T7 supergroup. The phylogenetic relationships among the
members of the T7 supergroup have not been adequately
explored. Lawrence et al. (2002) discussed the problems
associated with mosaicism of viral genomes while using
sequence data to resolve viral taxonomical issues. It has also
been suggested that phylogenetic analysis should be performed
at the level of individual genes. As bacteriophages are known
for horizontal exchange of functional genetic elements drawn
from a large shared pool (Hendrix et al., 2003; Silander et al.,
2005), any phage-specific protein could be obtained by a single
modular interchange during evolution. Therefore, we chose six
‘house-keeping’ proteins as universal genetic markers, which
are present in nine T7 supergroup members, to build phylo-
genetic trees (Fig. 6). Endonuclease (gp3), DNA primase/
helicase (gp4), and DNA polymerase (gp5) were representative
of replicative genes, and portal protein (gp8), capsid protein
(gp10), and terminase (gp19) were selected to represent
structural genes.
As shown in Fig. 6, trees built using different proteins are
broadly similar. Phages belonging to the T7 group (T7, øYeO3,
and K1F) closely cluster near the end of the group and marine
cyanophages P60 and P-SSP7 lie on the same branch close to
the T7 group. In most trees, cyanophage Pf-WMP4 is located at
the distal end of the supergroup, but its capsid protein is rather
closely related to the T7 group (Fig. 6). From the phylogenetic
analysis, the Pf-WMP4 genes do not cluster within the T7-
øYeO3-K1F group, which form a tight, well-supported cluster.
For the less-related phages, the uncertainty of the phylogenetic
patterns and low values of bootstrap support suggests that the
sequences have diverged to an extent that prevents determining
their origin, although this may also be a result of horizontal
exchanges.
Comparison of ‘signature’ cyanophage genes
To date, complete genome sequences are available for seven
cyanophages: the five marine cyanophages mentioned above,
Pf-WMP4, and a P. foveolarum phage Pf-WMP3, whose
genome sequence will be reported separately. Cyanophages
contain genes, e.g., photosynthetic, carbon metabolism, and
phosphate-inducible genes that are not commonly found in
other phages. Sullivan et al. (2005) hypothesized that these
genes could play defining functional roles in the cyanophage–
cyanobacterium system and called them ‘signature’ cyanophage
genes.
Some ‘signature’ cyanophage genes are compared in Table 2.
Compared with their marine relatives, freshwater cyanophage
genomes seemed to possess none of the marine ‘cyanobacterial’
genes. One possible reason for this difference is that the two
freshwater cyanophages have a short lytic infection (5 h, Fig.
Fig. 6. Phylogenetic analysis of the six marker proteins from nine phages in the T7 supergroup. The alignment of whole sequences was used to construct the neighbor-
joining trees. The scale bars represent 0.2 fixed mutations per amino acid position. Bootstrap values based on 1000 computer-generated trees are indicated at the nodes.
36 X. Liu et al. / Virology 366 (2007) 28–391B), so maintenance of host metabolism activities may not be
necessary as for the long-lysis-period marine phages. This
hypothesis can also be applied to Synechococcus phage P60,
which also exhibits a rapid infection (10 h for exponentiallyTable 2
‘Signature’ cyanophage genes in the sequenced cyanophage genomes
Cyanophage Phage
family
Host Genome
size (kb)
Gene functions
Photosynthesis DN
met
Pf-WMP3 Podovirdae Phormidium 43.2 – –
Pf-WMP4 Phormidium 40.9 – rnh
P60 Synechococcus 47.8 – rnd
P-SSP7 Prochlorococcus 45 psbA, hilP rnd
P-SSM2 Myoviridae Prochlorococcus 252 psbA, hilP rnd
P-SSM4 Prochlorococcus 178 psbA, hilP rnd
S-PM2 Synechococcus 196 psbA, hilP rnh,
The putative functions of these cyanophage genes: psbA, D1 protein, photosystem II
ribonuclease H; talC, MipB/TalC family transaldolase; nio, nitrous oxidase accessory
B12 biosynthesis; RecA, essential recombination protein; int, phage integration.growing host cells). The relatively small genome size of
podophages probably also limits the ability of these phages to
accommodate a large number of foreign genes compared with
the myophages.Reference
A
abolism
Carbon
metabolism
Other
metabolism
Integrase
– nio RecA Unpublished data
– – – This study
– – – Chen and Lu (2002)
talC – int Sullivan et al. (2005)
talC phoH, pstS, cobS – Sullivan et al. (2005)
talC phoH, pstS, cobS – Sullivan et al. (2005)
rnd – phoH, cobS RecA Mann et al. (2005)
; hliP, thylakoid-associated proteins; rnd, ribonucleotide reductase domain; rnh,
protein; phoH, phosphate-stress-induced; pstS, phosphate uptake; cobs, vitamin
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Cyanobacterial strains, phages, and media
The main cyanobacterium used throughout this study was P.
foveolarum Gom., which is one of the few cyanobacterial
species that can survive in hypertrophic aquatic environments
(Starr and Zeikus, 1987). Among the more than 20 freshwater
cyanobacteria in our laboratory, P. foveolarum has been found to
be the most sensitive host for cyanophages. In fact, the first
cyanophage to be discovered, LLP-1, is a destructive agent of
Phormidium (Safferman and Morris, 1963). Other cyanobac-
teria, used for host range studies only, included Anabaena flos-
aquae, Anacystis nidulans, Aphanocapsa spp., Lyngbya kuet-
zingii, Microcystis aeruginosa, Plectonema boryanum, and Sy-
nechocystis sp. PCC 6803. All cyanobacteria were purchased
from the Freshwater Algae Culture Collection of the Institute of
Hydrobiology, Chinese Academy of Sciences. Clonal axenic
cultures were routinely maintained on BG11 medium plus
NaNO3 (1.5 g/l) (Rippka et al., 1979) and then grown at 28 °C
under continuous fluorescent light (28 microeinsteins m− 2 s− 1).
Bloom samples were collected from Lake Weiming, located
at Peking University of Beijing City, PR. China, on 22 July
2003. Water samples were filtered through a 0.22-μm filter
(Millipore), mixed with the concentrated cyanobacterial
cultures listed above, spread onto Bg11 agar plates, and
incubated in the appropriate conditions for cyanobacteria.
Plaque formation was used to isolate phages (Wilson et al.,
1993).
Electron microscopy
P. foveolarum phages were concentrated using ultracentrifu-
gation. Concentrates were dropped onto a formvar/carbon-
coated 400-mesh copper grid. The grid was negatively stained
with 2% uranyl acetate and examined with a JEM-100CX
transmission electron microscope at 60 kV.
One-step growth experiment
Host cells were cultured to a concentration of 108 cells/ml and
infected with the cyanophage at a lowmultiplicity of infection of
10− 5 (approximate concentration of 103 phages/ml). Early
(0.5 h) or late (3 h) during the latent period, 100-ml samples of
the cultures were withdrawn and incubated with 200 μg/ml of
rifampicin. After lysis with chloroform, phage titers were
counted as the number of plaque-forming units (PFU) in each
aliquot on P. foveolarum.
DNA sequencing and analysis
Phage DNA for genomic sequencing was prepared using
previously published methods (Lindell et al., 2004; Rohwer et
al., 2000). Briefly, after the addition of MgSO4 (final
concentration 20 mM) to lysates, phage particles were
concentrated using PEG 6000 and purified using a sucrose
density gradient. Purified phage particles were treated with SDSand proteinase K; DNA was extracted with phenol/chloroform
and precipitated using NaOAc/ethanol. The Pf-WMP4 genome
was sequenced by the shotgun method. Genomic DNA was
sheared by sonication and cloned into pUC18 and was then
sequenced with an ABI 3700 automated DNA sequencer to
provide 13-fold genome coverage. Sequences were assembled
into contigs, and gaps were linked using a primer-walking
technique (Liu et al., 1995).
Potential open reading frames (ORFs) were predicted using
GeneMark (http://opal.biology.gatech.edu/GeneMark/
heuristic_hmm2.cgi) (Besemer et al., 2001) and manual cor-
rection. Translated ORFs were used in a BLAST search against
the Swiss-Prot (http://us.expasy.org/tools/blast) and NCBI pro-
tein databases (http://www.ncbi.nlm.nih.gov/BLAST/). Tran-
scriptional terminators were predicted by TransTerm (http://
transterm.cbcb.umd.edu/) (Ermolaeva et al., 2000). tRNA genes
were searched for with tRNAscan-SE (http://bioweb/pasteur.fr/
intro-uk.html) (Lowe and Eddy, 1997). Protein secondary
structures were predicted with PSIPRED (http://bioinf.cs.ucl.
ac.uk/psipred/psiform.html) (McGuffin et al., 2002).
Alignments were generated using Clustal X (Thompson et al.,
1997) and manual editing. PHYLIP (Felsenstein, 1989) was
used for the construction of phylogenetic trees, and neighbor-
joining was used as the objective function.
Protein analysis
Proteins of purified virus were separated by 10% SDS–
PAGE (about 1011 phage particles were loaded on the lane).
Nine protein bands were analyzed by MALDI-TOF MS as
previously described (Chen et al., 2003). Briefly, protein bands
were excised from the Coomassie Brilliant Blue-stained gel,
minced, alkylated, and digested with trypsin. Peptides were
spotted onto target plates, and samples were analyzed on a
Bruker Ultraflex MALDI-TOF mass spectrometer (Bruker
Daltonics Company). All mass spectra were acquired under a
positive-ion reflector mode. The resulting peptide mass
fingerprints were searched against the translated ORFs of
cyanophage P4 using MS-Bridge (http://prospector.ucsf.edu/).
Assays for promoters and terminators: in vitro transcription
Host RNAP holoenzyme was purified as described (Gross
et al., 1976). Briefly, 1.0 g (wet weight) of P. foveolarum cells
was harvested, disrupted by sonication, and clarified by
centrifugation (10,000×g, 15 min). RNAP was co-precipitated
with DNA at low ionic strength using PEG 6000 and then eluted
from the precipitate at high ionic strength, where DNA
remained predominantly in the pellet. Further purification was
affected by heparin-Sepharose affinity chromatography.
To test phage promoter activities, promoter-containing DNA
templates were prepared by PCR from the Pf-WMP4 genome.
Terminators (in both directions) were cloned into pGEM-T
(Promega), downstream of a T7 promoter. Promoter–terminator
templates were amplified from the resulting plasmids by PCR.
Templates for RNA markers were directly amplified from a
pGEM vector.
38 X. Liu et al. / Virology 366 (2007) 28–39In vitro run-off transcription assays were performed in 50mM
Tris–HCl (pH 7.9), 10 mM NaCl, 6 mM MgCl2, 2 mM
spermidine, and 10 mM DTT. Reactions contained 0.2 μg/μl
DNA templates prepared by PCR and 500 nM RNAP. For
bacterial promoters, P. foveolarum RNAP holoenzyme was
used; and for T7 promoters, T7 RNAP (Sigma) was used.
Reactions were supplemented with 250 μMATP, CTP, and GTP,
and 100 μM [α-32P]UTP (100 μCi/mmol; Furei, Beijing). After
30 min at 30 °C, RNA products were resolved by denaturing
PAGE and revealed using a PhosphorImager.
Quantitative determination of phage DNA transport into the
host cells
The experimental design broadly follows the protocol
developed by Zavriev and Shemyakin (1982), modified for
cyanobacterial cells. When a growing culture of P. foveolarum
reached A680=0.4, cells were harvested and transferred into
32PO4-containing Bg11 medium (20 μCi/ml; Furei, Beijing);
cells were then grown to A680=0.8. Cells were washed with non-
radioactive Bg11 medium and infected with Pf-WMP4 at a
multiplicity of 0.5. Approximately 1 day later, chloroform was
added to complete lysis, and the 32P-labeled Pf-WMP4 particles
were used to infect a non-radioactive P. foveolarum culture
(200 ml) at 28 °C at a multiplicity of 0.01 (106 phages/ml).
At intervals after infection, 20-ml portions were withdrawn,
harvested, and washed twice with chilled Bg11 medium to
remove unadsorbed phages and to stop DNA transport.
Adsorbed phage particles were desorbed by sonication (160
W, 12×5 s) using ultrasonic fragmentation (JY92-II; Beijing).
The percentage of Pf-WMP4 DNA that did not enter the cells
was determined by the radioactivity of DNA fragments
remaining in the supernatant after centrifugation of the
sonicated cell suspension. Additionally, the transcription
inhibitor, rifampicin, and translation inhibitor, chlorampheni-
col, were added to the cell culture 30 min prior to the
beginning of the experiment at a final concentration of 200 μg/
ml in order to evaluate the roles of transcription and translation
in the infection of Pf-WMP4.
Accession number
The GenBank (http://www.ncbi.nlm.nih.gov/Genbank/)
accession number for the cyanophage Pf-WMP4 genome is
DQ875742.
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